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ABSTRAGT 2 2 557

Following a survey of previous melting-wave
studies, a flat-plate experiment is described which
is designed to investigate the basic nature of waves
formed on a melting body in a heated air stream. By
varying material properties and ambient conditions,
a range of values for a melting parameter, §, is ob-
tained, and the resulting wave behavior is recorded
and analyzed.

It is found that the ratio of heating rate to

softening rate (indicated by the parameter ) is very
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waves. By relating the data to this‘parameter and
factors derived from the parameter, simple relation-
ships are obtained to define wave velocity , ampli-
tude, and spacing. A "critical" or minimum condition
is also established for the appearance of the melt

waves,
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CHAPTER 1

INTRODUCTION

Ablation waves

For many years glassy stones have been‘found in
certain locations on the earth including Southeast Asia,
Australia, parts of the United.States, the Ivory Coast,
Bohemia, and Moravia. Called "tektites" and a variety
of other names, these particles consist largely of SiO2
in the form of silica glass and attracted attention
because they differ markedly from the terrain in which
they are found. As discussed by O'Keefe (1), the num-
ber of such particles is quite large in certain loca-
tions, but they are virtually unknown elsewhere. This
fact and the dissimilarity between the tektites and
local geological conditions has led to the proposal of
many theories seeking to explain their origin and the
method by which they were deposited on the earth.

One of the striking features of the Australian
tektites is their shape. They appear to have been
formed by partial ablative melting in a stream of hot
’gases from an initially spherical shape. The result-

ing button-shaped lump is covered with ring-shaped



waves encircling the stagnation point plus an accumu-
lation of re-solidified material around the "equator"
of the button. It appears that the material solidified
originally in a spherical shape and was then remelted
or ablated by passing through the atmosphere at high
velocity.

Recent study has centered around this ablation
behavior and has narrowed the range of theories to two
of the strongest possibilities. Based on his extensive
studies, Barnes (2) in 1961 supported the theory that
the tektites are debris thrown up by the impact of a
large meteor on the surface of the earth--possibly in
Antarctica. More recently Chapman and his associates
(3-7) and O'Keefe (8) have offered strong arguments
which indicate that the particles consist of debris
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ors on that airless surface and later captured by the
earth. )
The question of origin is an intriguing one, par-
ticularly to geophysicists; and the gathering of evi-
dence continues. Recently O'Keefe (9) offered calcula-
tions based on the extremely low water content of tek-
tites in support of the extra-terrestial theory of
origin. He argued that it would be impossible to remove

the large water content from terrestial material during

meteorite impact without blowing the material apart



completely. Without entering directly into the dis-
cussion, other researchers (10-12) have determined addi-
tional information about the properties of tektites
which may eventually contribute to the final determina-
tion of origin.

The approach used by Chapman in his attempts to
determine the origin of tektites was based on attempting
to determine the entry velocity and trajectories of the
particles which display evidence of having ablated.
After the discovery that an ablating layer of material
can serve to shield an object in a high-temperature gas
stream by absorbing heat during melting or vaporization
and then flowing off the surface, considerable work in
the field of ablation followed quickly. The applica-
tion of ablative heat shields to re-entry vehicles
served to stimulate research in this field; and by
utilizing the theoretical results of.Bethe and Adams
(13), Chapman was able to draw his conclusions con-
cerning approximate entry conditions.

Much of the early work in ablation (for example,
references 14-19) was concerned with the fluid and
thermal behavior of the ablating layer in the stagna-
tion region. The important factors, of course, included
the amounts of heat absorbed and transmitted by the

shielding layer and the rate of erosion of the layer.



In the early works the possibility of waves or ripples
on the surface of the ablating material was not recog-
nized or investigated. In some of the arc-jet experi-
ments used for ablation study, waves either were not
present or were not discernible on the glowing liquid
surface. The earliest theoretical studies were limited
to the stagnation region, and no wavelike behavior of
the melt was predicted.

Attempts to extend the work away from the stagna-
tion region were initiated in limited form by Fanucci
and Lew (20) and Tellep (21). In 1960 Ostrach, Gold-
stein, and Hamman (22 and 23) presented an analysis of
the flow further around the body noting that the
effects of deceleration become increasingly important
as the flow direction becomes more parallel to the
direction of ihe body forces. By scaling the basic
equations, they showed that two basic parameters charac-
terized the problem. One is essentially a reciprocal
Froude number representing the ratio of deceleration
to pressure (or viscous) forces; the other is governed
by liquid properties and indicates the relative influ-
ence of convection and conduction. In addition, numer-
ical integration of the basic equations indicated that
-deceleration forces could amplify a wave-like behavior
of the liquid layer although such forces are not neces-

sary for wave formation,



More recently, McConnell (24), in his Ph.D. re-
search under the direction of Ostrach, expanded and
improved the earlier results by applying a perturba-
tion analysis starting from the initial state of con-
ductibn and a long-time analysis starting from time-
independent ablation. He also performed experiments
with asphalt spheres in a vertical, heated wind tunnel
and obtained rather good correlation between the theory
and the actual behavior. By varying the dynamic pres-
sure in the vertical tunnel (with its constant body
force), he was able to show that the reciprocal Froude
number does indeed affect the wave behavior and that
" the numerical results obtained are quite reasonable.

In conjunction with this work Ostrach and McCénnell (25)
predicted the existence of a "melting" parameter which
in effect would give the relationship between the heat-
ing and softening rates for a body melting in a flowing
gas stream.

In spite of the successes with these analytical
results, a basic problem remained unresolved. The math-
ematical solutions as they stood did not take into ac-
count the coupling between the liquid layer and the gas
stream flowing over it; and as a result certain limita-
‘tions appeared. For example, the solutions predicted
only a single wave during the melting rather than the

series of waves observed in experiments. In the



solutions the outer boundary condition had been taken
to be the known boundary layer flow over the initial
body shape; hence changes in the gas flow caused by
changes in the body shape or by a wavy surface were not
reflected in the solutions.

In an attempt to improve this situation, Chen (26),
in his work toward a Ph.D. degree at Case, has attacked
the problem in a more complete form using not only the
basic equations of the liquid layer but also the equa-
tions of the gas boundary layer. The resulting six
equations are required to match at the gas-liquid inter-
face in terms of shear, pressure, temperature gradient,
and displacement normal to the interface. Work is still
continuing on this obviously complex problem; however
some basic parameters and reference quantities have
already been obtained to characterize ablation behavior.
These quantities are quoted in the Appendix; and as will
be shown in this report, it appears that they are quite
useful in predicting melting wave behavior. The basic
parameter obtained in this work is a more general form
of the one predicted by Ostrach and McConnell in

reference 25,

Water waves

When considering wave behavior on a free surface

such as that on a melting body, the investigator is



strongly tempted by the voluminous literature available
on the subject of water waves (see, for example, the
survey in reference 27). Indeed, such an approach is
not to be ignored considering the obvious similarities.
In the event that the mode of melting wave behavior is
totally different than water wave behavior, there is
still the reasonable possibility that both modes might
appear--superimposed on one another--in either situation.

Chapman (4) noted the possible similarity between.
ablation waves and water waves; however there are also
some differences. Ablation waves are generated in a
material which is much more viscous than water and
which contains very large viscosity gradients. It is
generally known that water waves move much faster than
the water itself; yet experimental results on melting
waves do not reveal such behavior consistently. While
Chapman obtained melting waves whichvdid in fact move
much faster than the liquid, seemingly contradictory
results from McConnell's tests (24) indicated that
liquid and wave velocities were of the same order of
magnitude. It was at this point that Ostrach and
McConnell (25) suggested that the variation in beha-
vior might be related to the ratio between heating and
-softening rates, which was shown to be different.for
the two melting experiments.

Experimental work in the area of wind-driven




waves has largely been confined to low-viscosity fluids
because of the obvious interest in ocean waves. Francis
(28), however, obtained interesting results with a mo-
derately viscous oil, which will be shown to be signi-
ficant in light of the present investigation.

The study of film flow and film instability offers
another possible guide to the melting wave problem.
(See, for example, references 29 to 3L) The approach
has been largely through the application of the Orr-
Sommerfield equation and the principles of Kelvin-
Helmholtz instability. The significance of these analy-
ses will be discusséd further in conjunction with the

results of this project.

Statement of the problem

In light of recent developments it appears that
significant progress is being made in the analytical
treatment of the melting process. The practical appli-
cation and verification of the proposed solutions have
so far been confined to the data available from actual
tektites plus the recent basic experiments of Chapman,
McConnell, and Chen. Considerably experimentation has
been completed in the development of ablative heat
shields; however these investigations shed little light
‘on the melting wave behavior since they were designed

for different purposes.



The objective of this investigation, then, was
to study experimentally the melting and ablation pro-
cesses err a range of conditions with particular
emphasis on the wave behavior. It was hoped that by
varying the ratio between heating and softening rates
through the parameter suggested by Ostrach, McConnell,
and now Chen, the influence of these quantities on wave
behavior could be established and perhaps. the variation
in previous observations could be explained. The pro-
ject was undertaken to obtain a more broadly based
understanding of the melting wave pﬁenomenon to an

extent not heretofore attempted.
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CHAPTER 1I

EXPERIMENTAL PLAN

Model confiquration

One of the fundamental decisions in any fluid
dynamics experiment concerns the choice of physical
configuration, with two basic approaches available to
the investigator. Firstly,vhe might attempt to simu-
late a full-scale flow condition with a model hoping
that propei scale factors or ratios can be found which
will assure true similarity between the model and the
real situation., Secondly, he can give up the restric-
icn of a particular physical shape and instead attempt
to obtain basic information using whatever shape is
most convenient. Although the latter approach has a
disadvantage in that the results may not be directly
applicable to particular problems, it is ultimately
more useful since such results sometimes can be modi-
fied to suit an individual problem or at least may»be

used to guide investigation and provide more detailed

information about the problem area.

The second approach was chosed for this inves-

tigation since available basic data concerning melting

10
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waves was rather sparse. The classical flat plate in
a parallel air stream was chosen so that the effects
of shape, curvature, pressure distribution, and gravity
could be controlled or eliminated. In spite of simpli-
fications afforded by the flat plate, another problem
is created due to the difficulty involved in maintain-
ing a truly flat surface as melting and flow.begin.
The approach to this problem is discussed in Chapter IV.
At the outset it was decided that the plate would
be suspended in an air stream away from fixed bounda-
ries to avoid established boundary layers. The top
surface of the plate was intended to be the melting
surface while the lower surface was to be insulated to
prevent heating from below. Design details are dis-

cussed in Chapter III.

Control of variables

In view of the lack of well-established theory to
predict melting wave behavior, it was not clear which
variables and conditions would be most significant.
From previous work the following were thought to have

some effect:

l. Air stream Reynolds number.
. Air stream temperature.
Air stream turbulence.
Air stream pressure gradients.
. Body shape. '
. Gravity (or acceleration) parallel to the flow.
. Physical properties of the melt.
a. Softening point, Tm.

N0 WN
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b. Specific heat, Cpl-

c. Thermal Conductivity, kj.

d. Viscosity-temperature profile.
e. Prandtl number.

8. Reynolds number of the melt.

9. Initial body temperature.

10. Reciprocal Froude number of the melt.

1l. Ratio between conduction and convection within
the melt (Ostrach, reference 22).

Although several of the above quantities are
interrelated, it is obvious that simultaneous inves-
tigation of all would be quite cumbersome. It was deci-
ded that the flat plate would be used in a horizontal
position in a uniform, parallel air stream thus elimi-
nating the effects of gravity, shape, and pressure gra-
dients. For convenience the initial body temperature
was held constant as was the free stream turbulence;
although the effect of varying the latter was investi-
gated briefly.b The remaining items in the list are
governed by the air velocity, the air temperature, and
the material properties, which thus became the vari-
ables in this experiment. To accomplish the objec-
tives, then, a wind funnel facility was required with
both velocity and temperature control; while a selec-
tion of different types of materials with varying pro-
perties was needed for the third vaiiable. Separate
study of each property and variable was not intended
because of the large number of tests required. Instead,

the dimensionless ratios or groups of the type sugges-

ted by Ostrach and McConnell (25) were intended to
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provide a basis for systematic study of the results.
As this project proceeded, the concurrent work by
Chen (26) provided additional details for this

approach.



CHAPTER 1I1I

TEST FACILITIES AND INSTRUMENTATION

Materials to be melted

The prime factor governing the choice or design
of a suitable wind tunnel was the range of softening |
temperatures of the materials to be melted. To avoid
the need for an elaborate high temperature facility,
materials with low melting points were preferred; and
preliminary investigation indicated that there are sev-
eral types which have softening points near room temper-
ature and which exhibit a steadily increasing viscosity
with decreasing temperature rather than a distinct melt-
ing point. Those which were suitable included asphalts,
petroleum oils, vegatable oils, glycerol, certain poly-
mer resins, and silicone fluids. Ultimately 8 differ-
ent materials were used including 5 for the actual melt-
ing tests. Table 1 cohtains a list of the materials
used together with their physical properties. The vis-
cosity-temperature profiles are given in figures 1 and 2.

Thanks are due to the Standard Oil Company and the
Lawter Chemical Company for aid given in the form of

material donations and information about physical

14
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properties. Where information was not available, direct

measurements were obtained using methods described in

Chapter 1IV.

Wind tunnel

For the available materials it appeared that a
ﬁaximum air temperature of 200°F would be adequate for
melting. Since high temperatures were not needed, an
existing open-circuit wind tunnel in the Case Aerody-
namics and Propulsion laboratory was used in conjunc-
tion with a finned-tube type steam heater. The flow in

this tunnel is generated by a Joy Manufacturing Company

axial-flow fan cépable of generating air velocities from -

0 to 125 feet per second at the test section. A vernier
control, acting to vary the speed of a DC drive motor,
permits velocity adjustment to within a fraction of one
percent. The test section is 28 inches square and is
accessible through a 20-inch square door.

To reduce the amount o6f heat required, only one
quarter of the cross section (14 inches square) was
used for testing. Plywood dividers were installed
through the length of the tunnel to isolate the quarter
section, and two doors were incorporated so that air
flow could be diverted around the test section while
the tunnel was in operation. Figure 3 represents the

basic featurés of the arrangement.
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By using the bypass arrangement, it was possible
to prepare the model outside the tunnel while the tunnel
velocity and temperature were brought to equilibrium.
The bypass doors were then shifted to re-direct the
heated air to the unheated part of the tunnel while the
model was being transferred from a thermal bath to the
test area. After clamping the model in place, it was
possible to start the test instantly by simultaneously

opening the doors and starting the timer.

Heating system

Two standard Aerofin type 82 steam heating coils
were used to heat the air entering the test quadrant
of the tunnel. These units together cover a cross-
sectional area of slightly more than 4 feet by 4 feet.
Since the quadrant at the tunnel inlet is 49 ihches
square, it was possible to place the coils directly in
front of the inlet screens. A mixing chamber was added
later between the heater and the screens after diffi-
culties were encountered with non-uniform temperature
distribution.

Steam was chosen because of the large amount of

heat required. A temperature of 200 °F at the throat

‘with a velocity of 100 feet per second requires a heat

input of nearly 1,000,000 BTU per hour, which is equal

4

to the maximum design heating load for the entire
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propulsion building in mid-winter. Electric power was
not available in sufficient amounts, and gas fired
units were avoided because of greater complexity.
Steam condensing coils can readily convert this amount
of energy if adequate steam flow and pressure are
available. The steam supply in the propulsion labor-
atory is 50 psi, which corresponds to a saturation
temperature of 281°F; therefore it would be possible
to obtain temperatures in excess of 200°F by passing
the air through several banks of coils and counter-
flowing the steam. In the actual tests only two rows
of coils were used with a maximum air temperature out-
put of about 180°F at 50 feet per second, which proved
to be the limit for the present tests. At this temper-
ature the plasfic tunnel windows began to soften, and
higher values would require a different facility.
Temperature control was obtained with a Robertshaw-
Fulton thermostatically controlled valve in the steam
supply line actuated by air pressure through a propor-
tional temperature-sensing unit placed behind the plate
in the free stream. With this system the temperature
in the test section was controllable within 1l°F and

could be brought to equilibrium in about 10-15 minutes.

‘As can be seen in figure 4, the sensing bulb was placed

within the section between the bypass doors where it

was not exposed to direct air flow when the doors were
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in the bypass position. As a result the bulb tended to
cool slightly while the model was being transferred
into the tunnel, and the system temperature tended to
rise in response. Loading time was about 30 seconds
during which the temperature rose about 5-7°F at low
temperatures and about 2°F at higher temperatures.
After the air was turned back on, about 15-60 seconds
were required before the overshoot was eliminated.
Relocation of the bulb was not possible without placing
it upstream from the model where it would create an
undesirable disturbance. The effects of this variation
are felt to be negligible and are discussed in Chapter

IV with the results.

Test plate

The general configuration of the plate model used
for the tests is shown in figure 5. It consisted of a
flat piece of "G" grade acrylic (methyl methacrylate)
plastic 14 inches thick, 15 inches long, 10 inches wide,
tapered at the leading end, and fitted with a steel knife
edge extending 1 inch beyond the plastic., Except for a
milled pocket 10 inches long, 7 inches wide, and 1 inch
deep which contained the material to be melted, the top
surface of the plate was perfectly flat. The melted mate-
fial was cast in place by pouring it into the leveled

plate until it was even with the plate surface.
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The plate assembly rested in the tunnel on another
matching plate containing a layer of crushed ice. The
layer of ice plus the stagnant air space between the
lower and upper plates served to insulate the lower sur-
face of the ablation model from the heated air. When
in test position, the top surface of the plate coincided
with the horizontal centerline of the heated quadrant
of the tunnel.

The trailing edge of the lower plate was fitted
with a narrow trough across its entire width to collect
the melted material. It was found that the ablating
material would flow to the rear edge of the plate and
then follow the vertical back edge downward to the
trough, which in turn was drained into a container on
the floor of the tunnel. Very little material was lost
into the tunnel during testing with this system.

The plate design used was the dne selected after
trying several alternative types. The ones rejected
are discussed in Chapter IV as part of the preliminary

tests.

Cooling bath

To extend the usable range of materials and to
facilitate cooling the melted material after casting it
into the plate, an isopropyl alcohol bath was used with

powdered dry ice as the refrigerant. A metal tank
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fitted into a large expanded plastic picnic cooler
served as an insulated contaiﬁer. Temperature adjust-
ments were made by adding more dry ice or warm alcohol
as required. To eliminate one more variable, all tests
were begun with the plate at -30°F, which was adequate
to solidify all of the materials used.

Since most of the materials used are relatively
insoluble in isopropyl alcohol, especially at low temp-
eratures, little problem was encountered with contami-
nation of the melting surface. However the glycerol
used is very soluble in alcohol, and accidental con-
tamination eventually necessitated rejecting two of
the tests involving this material.

All materials with the exception of glycerol
were totally immersed in the alcohol (after they had
solidified) to speed the attainment of equilibrium.
Initial solidification for all materials was obtained
by haVihg the lower surface of the plate in contact
with the cold alcohol as the melted material was added.
A supporting rack equipped with leveling screws per-
mitted precise casting of the specimens directly in
the bath.

Due to the low thermal conductivity of both the
plastic plate and the ablation materials, approximately
3 hours were required to cast and bring a specimen to

thermal equilibrium in the agitated bath. In the case
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of glycerdl, which could not be immersed totally, over
6 hours were needed to bring the whole specimen to
equilibrium.

As the plate was transferred to the tunnel, most
of the alcohol remaining on the surface drained off.
The remaining alcohol was swept off within the first

minute or less after the air was turned on.

Instrumentation

To follow the plan outlined in Chapter II, the
following measurements were deemed necessary:

. Air velocity

Air temperature

Air turbulence

Liquid interface velocity

Interface temperature

Temperature profiles within the body
. Wave velocity

Wave spacing

. Wave amplitude

. Elapsed time

QUOUNDNOIDBWN -

[

The instrumentation used to measure these quantities is
shown in figure 4. Air velocity was held constant for
a given test and was measured by means of a ¥%-inch
diameter pitot-static tube connected to a 30-inch Cox
differential micro-manometer reading to 0.001 inches
and filled with oil having a specific gravity of 0.827.
The tube was attached to a traverse mechanism to permit
the preliminary survey of velocity profileslin the tun-
nel. During tests the tip of the tube was located per-
manently 3!% inches above the top of the plate and 10
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inches behind the plate leading edge. Barometric pres-
sure was obtained from a standard, temperature-compen-
sated mercury barometer located in the laboratory.

The air temperature was monitored continuously
to the nearest 1°F with a mercury-in-glass thermometer
located 3 inches behind and 4 inches above the plate
on the vertical center line of the tunnel. The pre-.
liminary temperature distribution was obtained with
several thermometers at various locations in the
tunnel cross-section.

Turbulence measurements were obtained using a
DISA constant-temperature, hot-wire anemometer in con-
junction with a'Hewlett-Packard oscilloscope, which was
used for calibration and study of turbulence forms.

To record information about wave veloc¢ity and
spacing, a l6-millimeter movie camera with a 100-foot
magazine was mounted outside the trahsparent tunnel
door facing the plate from the side and top. Scales
mounted along the plate edges provided length reference
to the nearest 1/16 of an inch; while a digital timer
reading to 0.1 second in view of the camera provided
the time reference.

Initially it was hoped that liquid velocity could
also be determined by introducing small paper chips on
the liquid surface and photographing their brogress.

The method was only partly successful, and the
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remaining 5 were placed flush with the original specimen
surface at distances of 1, 3, 5, 7, and 9 inches from
the front of the cavity. Small plastic supports were
used to support and anchor the thermocouples sihce plas-
tic has a thermal conductivity of the same order of mag-
nitude as the melting materials.

To minimize the errors caused by thermal conduc-
tion along the thermocouple wire, the junctions were
located 1 inch ahead of and at the same level as the
support point. Since the temperature gradients in the
horizontal direction are very small compared to the
vertical gradients, this method served to minimize con-
duction by maintaining the immediate connecting wire at
the same temperature as the junction.

The thermocouple leads were passed through the
back edgé of the plate, through the tunnel wail, and to
a rotary thermocouple éelector switch. A small DC motor
was used to rotate the switch slowly so that each thermo-
couple was connected in repeating sequence to an ice-
point reference and a Minneapolis-Honeywell recorder.
Thus, the output of each thermocouple was recorded at
intervals of about one minute on an ll-inch strip chart
with a full-scale range of 4.00 millivolts or 169°F.

The thermocouple readings were synchronized with the
film timer by marking the strip chart when the timer

was started.
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Thermocouple readings were used both for measuring
temperature distribution during melting and for deter-
mining when equilibrium had been obtained in the cooling
bath. |

The data for each test, then, consisted of manual
records of tunnel dynamic and static pressure, baromet-
ric pressure, air temperature, air turbulence, wave
amplitude, initial plate temperature, and material type.
The remaining measurements were taken from the motion

picture films and the temperature strip charts.



CHAPTER 1V

CALIBRATION AND PRELIMINARY TESTS

Tunnel calibration

After the tunnel had been modified by addition
of plywood dividers, velocity surveys were performed
in the test section to determine if the sectioning had
produced any irregularities in the flow. Four vertical
and three horizontal traverses were taken with the
pitot-static tube. Velocity measurements at %-inch _
intervals produced the map shown in figure 7. The devi-
ations from the mean free-stream velocity amounted to
+1%¥ or less to within 1 inch of the walls except on the
side where the door was. Here the effect of the wall
extended 1% to 2 inches into the stream. Subsequent
addition of turbulence screens and the, finned-tube
heater improved the velocity distribution somewhat.
Final checks with the plate and all modifications in
place indicated that the profiles were at least as

good as those shown in figure 7, which were judged to

be acceptable for the present tests. The model and

sample outlines are shown on the map, and it can be

seen that the melting material is well removed from

33
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the wall effects.

The plate was installed in the tunnel with its
top surface 7 inches from the floor or on the horizon-
tal center line of the test section. 1Initial tests
using smoke injected at the same level upstream from
the leading edge revealed that the total mass flow was
not dividing evenly as it passed the plate. Since the
lower section of the plate containing the material
pocket and the ice bath together with the mounting
struts created considerable restriction in the lower
half of the tunnel, more than half of the mass flow
passed over the top of the plate. As a result the
streamlines were deflected upward while in the region
of the plate causing a flow pattern similar tb fluid
fiowing over a2 plate inclined to the oncoming stream.
The top surface of the plate was subjected to an eddy-
- ing wake flow rather tﬁan parallel flow. To correct
this condition, the floor of the tunnel ahead of the
plate was raised until the mass flow betweén the floor
and the center of the tunnel was exactly equal to that
passing under the plate (see figure 4). Consequently,
the flow in the upper half of thé tunnel was exactly
the amount passing over the top of the plate, and
‘deflection of the streamlines was eliminated. Coarse
adjustment of this false floor was accomplished by

trial and error using the smoke injector. Smoke fed
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into the stream ahead of the leading adge at plate
level divided evenly at the knife edge when proper
adjustment was obtained. A second check was obtained
using the hot-wire anemometer placed in the plate boun-
dary layer just behind the leading edge. As the false
floor was lowered, the turbulence would increase sud-
denly when the wake appeared. Final adjustment was
completed by raising the floor until the wake just dis-
appeared. Some slight readjustment was necessary for
each stream velocity used since the difference in resis-
tance to flow over and under the plate varies with the
Reynolds number.

When the steam heater coils were initially in-
stalled, the temperature distribution in the flow proved
to be very erratic. The problem was remedied by insert-
ing a baffled chamber between the heater and the turbu-
lence écreens which caused the heated air to mix thor-
oughly before entering the tunnel. After this modifi-
cation, the maximum variation across the test section

was iQOF, while the variation at a given point was ilOF.

Effect of varying turbulence level

As mentioned earlier, a DISA hot-wire anemometer
was used to measure turbulence in the tunnel. Initially
the tunnel produced a turbulence level of about 1.2 to

1.4% uniformly across the test section--values which
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varied only slightly as the air speed was increased.
In an effort to lower the level of turbulence inten-
sity, two 70-mesh screens were added ahead of the exis-
ting screens. Although the value was lowered to 0.6%,
it then became necessary to use the mixing chamber for
the heater, which again raised the level to about 1l.6%.
Using reference (32) to predict the number of screens
required indicated that to reach even the previous
level of 0.6% would require six or more screens, which
would seriously hamper the performance of the tunnel.
In an attempt to evaluate the need for turbulence
reduction, two identical ablation tests were performed
on a resin that would melt below room temperature.
Since heat was not needed, it was possible to operate
first with and then without the mixing chamber thus
creating two turbulence levels, 0.6% and 1.6%. The two

tests were compared with respect to temperature distri-

bution, wave amplitude, wave velocity, and wave spacing.

The results, which are plotted comparatively in figures'

8 through 11, indicate that this change in turbulence
is not particularly significant. Two tests certainly
do not form a basis for general conclusions; however
the results were taken as an indication that reducing
‘the turbulence from 1.6% to 0.6% is of little value
and that complete investigation of the effects of tur-

bulence would require controlling the level to a truly
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low value--0.1% or less. Since such a level would have
been very difficult to obtain without seriously restric-
ting the performance of the tunnel, it was decided that
the present tests would be carried out at the 1.6%

level of turbulence.

Effect of varying plate configuration

The choice of plate configuration was made after
considerable work. The theoretically simple, flat,
thin plate becomes impossible in a melting process; it
would simgly melt and vanish in a very short time.
Alternate approaches might be: (1) a uniform layer of
ablative material on a flat, non-melting surface, (2) a
tapering layer on a flat surface, and (3) a pocket of
material sunken flush with an otherwise continuously
flat surface.

The second alternative presents a problem in that
it infers the existence of a wedge shaped layer of ma-
terial which must be placed either with its original
surface parallel to the flow or with the surface in-
clined so that the supporting plate is parallel to the
flow (as shown in figures 12a and 12b). In either case
there is no reason to believe that either configuration
will approximate flat plate flow for even a short time.
. The first suggestion seemed to offer possibili-

ties based on the theory that the blunt leading edge of
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the melting material would break down rapidly and seek
some sort of natural shape with a gently sloping “ad-
justment" region for the flow. However, when actually
tried, this configuration resulted in the formation of
a large roll of plastic material being formed as the
entire leading edge area stripped away rapidly (figure
12c). Only after the "roll" had progressed over most
of the plate did it subside into the desired natural
shape, and by then most of the material was gone. This
alternative was discarded because of the unpredictable
behavior of the melting leading edge.

The third alternative was chosen, because it
eliminated some of the difficulties of the other two
and more nearly appeared to simulate flat plate flow.
Preliminary tests revealed that material would melt
first from the front of the pocket and tend to accumu-
late toward the rear (figure 12d). As steady state
ablation was reached, the shape of the surface con-
tained a slightly dished-out hollow immediately be-
hind the solid leading surface occupying the first
3 to 4 inches of the pocket. The remaining 6 to 7
inches of material had a relatively flat surface covered
with the waves, which traveled the length of the plate
‘finally washing over the rear wall into the overflow
trough. The maximum depth of penetration during the

tests was about )4 inch. Beyond that point the wave
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character began to change noticeably indicating that
the change in surface contour was becoming strongly
significant.

This lasf plate design is obviously not a true,
flat melting surface; but it was chosen as representing

the best approximation to the desired shape.

Measurement of material properties

One of the more difficult problems faced was ob-
taining materials for which all required physical pro-
perties were known. It soon became evident that most
of the desirable materials did not fall into this cate-
gory. Reference 33 provided information for the as-
phalts used, and reference 34 gave the values for gly-
cerol, although not necessarily at the correct tempera-
tures. The Standard 0Oil Company provided some of the
values for the oils used. After gathering these avail-
able values, the following properties remained unknown:

1. Density for the resins and for the oils at

certain temperatures.

. Specific heat for the oils and resins.

. Thermal conductivity for the oils and resins.

. Viscosity profiles for everything except for
glycerol and one of the oils.

. "Softening" temperature for everything. ("Pour
point as quoted for some materials did not
appear to be the correct measure for this
condition.)

6. Surface tension for all materials except

glycerol.

Complete, accurate measurement of these remaining

quantities could have involved a great deal of time and
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effort in itself unless reasonable tolerances were
accepted. It was decided that measurements would be
attempted with a permissable error of 5% or less.

The densities were obtained at two different
temperatures using a set of standard floatation hydro-
meters, which are normally accurate within a fraction
of one per cent. The possibility for some error lies
in the fact that some measurements were taken at temper-
atures other than that at which the hydrometers were
calibrated. Values of density at temperatures other
than the measured points were obtained from a straight-
line plot containing the measured values.

Viscosities were measured with a Fisher, Mac-
Michael type, rotating-cup viscometer. When the Prandtl
number of the sample is small (when the viscosity is
small), it is possible to obtain values correct to with-
in 1 to 2% with this instrument. Caiibration against
National Bureau of Standards oil samples verified this
accuracy. At large viscosities, however, the accuracy
suffers, because it becomes increasingly difficult to
obtain uniform temperature distribution within the cup.
Heat transfer depends largely on conduction rather than
convection, and these materials have characteristically
-low thermal conductivities. The problem was aided by
taking a number of measurements at various temperatures

and plotting the results on log-log coordinates. A
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straight line fitted to the points provided the neces-
sary viscosity-temperature relation. It is felt that
the final result meets the 5% criterion.

Specific- heat was obtained by mixing known
amounts of the sample and of hot water in a thermos
bottle and'measuring the equilibrium temperature. The
heat content of the thermos and thermometer were ob-
tained first by adding water alone. The value of speci-
fic heat was calculated by equating the heat given up
by the water to the heat absorbed by the bottle and the
sample. Initially this measurement proved to be the
most troublesome. Errors in the measurement of known
samples ranged as high as 15%. After more careful cali-
bration and some practice, it became possible to keep
the errors well within 10% on individual readings.
Final values were taken to be the average of 3 tests to
narrow the error to acceptable limitﬁ.

Thermal conductivity was measured by using the
plate model itself with the addition of a metal pan
filled with ice water on the top surface of the speci-
men and an additional thermocouple on the under side
of the plate (figure 13). In this arrangement heat
flowed downward from the ice water bath, through the
unknown sample, through the plastic plate, and into the
alcohol bath. Since the plate was nearly 10 times as

wide as it was thick, heat flow in the horizontal
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direction was taken to be negligible. The thermo-
couples placed at the surfaces of the sample and the
plastic as well as at the interface provided measure-
ments of temperature gradients across each layer.

After equilibrium had been obtained, the gradients were
measured; and since the thermal conductivity of the
plastic was known, direct calculation of the sample con-
ductivity was possible by equating the heat flows
through the two layers. The value for the plastic was
supplied by the manufacturer and verified by calibra-
tion against a known material (glycerol). 1In spite of
the crudeness of the method, further tests on known
materials (asphalt) yielded results well within the

5% limit of error established earlier.

The values of "pour point" furnished by manufac-
turers proved to be different from the observed "sof-
tening" point as applied to the onsef of ablation. It
was discovered that materials would begin to flow and
form waves at temperatures somewhat lower than the
quoted pour point. A seemingly more indicative measure-
ment was obtained by slowly cooling a sample of the ma-
terial in a two-inch diameter container while stirring
it with a thermometer. The temperature at which the
-material failed to flow when the container was suddenly
-inverted was taken as the "softening" point. Several

trials were used to determine an average for each
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material.

For preliminary tests the surface tenéion of
the materials was needed at a temperature of 72°F.
Values were obtained using a Fisher "tensiomat" instru-
ment which is readily capable of producing the required
5% accuracy.

The values obtained from the above procedures are
limited by the tolerances accepted. Furthermore, the
effects of changing temperature on specific heat and
thermal conductivity are not directly known. The spe-
cific heat was measured at an average temperature of
about 100°F and is assumed constant even though it
does vary slowly with temperature. The thermal con-
ductivities obtained are essentially average values
over the range from 32°F to about -50°F because of
the method used. Although thermal conductivity does
vary considerably with temperature, the measured value
is accepted since it falls roughly within the actual
temperature range encountered by the material during
the tests.

Due to the tolerances and £he above assumptions,
the information about physical properties must be accep-
ted as being perhaps the most serious source of possible

‘error in the tests.




CHAPTER V

TEST RESULTS

Critical point

During calibration and preliminary testing, an
interesting phenomenon was noted in regard to the be-
havior of melt waves. It appeared that below certain
air velocities no waves would form whatsoever even
though the material was completely melted. Since this
fact would obviously affect the approach to the actual
ablation tests, some preliminary experiments were per-
formed using both frozen and unfrozen liquids of sev-
eral types in an effort to study this apparent critical
point.

Initially the results were very confusing. Five
liquids ranging from relatively low viscosity types
(water) to very high viscosity types (resin) were used
in the plate model without freezing and with the air
stream at room temperature. The streém velocity was
increased slowly until some type of wave or ripple was
noted. At this point the air velocity, wave velocity,
and wave length were recorded manually and on motion
‘picture film. An attempt was also made to measure

¢

31
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liquid surface velocity; however it was not too
successful.

The tests on three of the more viscous materials
yielded one type or mode of wave behavior which began
at approximately the same air speed for each material
(an average of 31.8 feet per second). This type of
wave appeared first at the front edge of the liquid
specimen beginning as a stationary hump or ridge at
air speeds below the critical value. As the air speed
was increased, the height of the hump increased, and
the slopes of its sides became steeper; then, at a
well-defined and repeatable air speed, it began to move
downstream. As the first ridge or wave began to move,
a second one formed in its place at the leadihg edge.
When the second one reached full height, it ‘oo began
to move; but as it did, the first one slowed almost to
a stop and shrank rapidly, disappearing in a short

time. By increasing the air speed somewhat more, it

was possible to drive the waves farther along the plate

until they reached the back edge without stopping.

The two fluids tested with lower viscosity (water
and light o0il) displayed a much different behavior.
The first waves to be noticed were ripples which ap-
peared near the downsteam end of the plate. These
ripples occurred at air speeds of 18 and 25 feet per

second respectively, which are somewhat lower than the
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speeds required to generate a wave on the more viscous
materials. Furthermore, the ripples did not form and
grow in the same manner as the other waves, which
appeared at the leading edge first; but rather they
appeared simultaneously over a large area. Consider-
able fluid motion was noted at the interface before
the appearance of the ripples.

Increasing the air speed further produced a most
interesting situation. At a value approximately equal
to the 31.8 feet per second mentioned previously, a
second type of wave appeared to engulf the existing
ripples. This second type behaved in a similar fashion
to the type observed on the very viscous liquids, was
higher, moved more rapidly, and completely obliterated
the smaller ripples. The velocity of the first type of
ripple was significantly greater than the liquid velo-
city, while the second type of wave appeared to trans-
port fluid at its own velocity. Paper chips on the sur-
face rose and fell as the first type of wave passed; bu£
when the second type occurred, the chips were picked up
and immediately washed over the back edge of the plate.

The occurrence of two distinct types of wave be-
havior has been noted before in the literature. Francis
-{28) observed two distinct wave types in his study of
.air flowing over oil--types which were very similar to

the ones seen here. Dukler (35 and 36), in studies of
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annular film flow on vertical tubes, observed two
changes in wave behavior as did Knuth (37) in his work
with horizontal ducts.

To examine the significance of the two types of
waves obtained here, it is helpful to summarize the
conditions existing when each type is first noted.
Table 2 lists the material properties and the condi-
tions prevailing when the first wave (called type 1)
was first seen on the loh-viscosity liquids. Table 3
contains similar information for the second type (called
type 2). Since the waves observed on the viscous li-
quids seemed to be of the latter type, they are incor-
porated into Table 3. The result obtained by Francis
(28) is also incorporated at the appropriate places.

The most significant parameter to note is the
air Reynolds number existing at the inception of each
type of wave. These have been plotted against the
liquid viscosity in figure 14; and as can be seen, the
type 2 wave seems to occur at a relatively constant
value of the air Reynolds number. Furthermore, since
the liquid viscosity is essentially related to the
liquid Reynolds number, it can be said that the type 2
wave is independent of the liquid Reynolds number.
(The variation in liquid velocity was small compared
to the variation in viscosity; hence the Reynolds num-

ber is governed by the viscosity.)
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Comparing these conditions to the various types
of instabilities described by Ostrach and Koestel (29),
it would appear that this behavior is possibly of the
Kelvin-Helmholtz variety, which is caused by the inter-
action of two unlike fluids in relative motion at their
common interface. The dependence of this type of wave
behavior upon the gas Reynolds number is in agreement
with the observations of Dukler (35 and 36) and Laird
(38), both of whom noted a similar dependence.

Again referring to figure 14, it can be seen that
the type 1 waves do appear to depend on the liquid vis-
cosity and the liquid Reynolds number. These waves
were observed in liquids which displayed relatively
large liquid velocities in conjunction with low vis-
cosities (i.e., large Reynolds numbers) and were absent
in the more viscous fluids. The apparent dependence on
the liquid motion points to the Tollmien-Schlichting
type of instability (reference 29), which derives its
existence from amplification of disturbances within the
liquid layer (i.e., transition). This behavior agrees
with other observations by Kinney, Abramson, and Sloop
(39); Brauer (40); and Knuth (37); all of whom found a
dependence of waves upon liquid motion under certain
conditions,

Although the type 1 waves were not observed in

the more viscous liquids, there is no reason to believe
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that they would not form if the air velocity were in-
creased sufficiently. Since the larger, type 2 waves
appear before this point is reached, the occurrence of
type 1 waves is either masked or prevented by the radi-
cal distortion of the surface.

While these few trials are not meant to be taken
as being conclusive, the pattern is very significant
since the "ablation" or "melt" waves measured in sub-
sequent tests are evidently equivalent to the type 2
phenomenon. The form and behavior of the melt waves
were found to be very similar to this type, and it was
discovered that waves would not form on ablating sur-
faces unless the air Reynolds number exceeded the mini-

mum value established for type 2 waves.

Ablation data

A total of 32 complete ablation tests were per-
formed using the procedures outlined earlier. Table 4
contains the summary of test conditions exclusive of
the material properties, which have been given in table
l, and the properties of air, which were taken from re-
ference 41. Test number 54, using paraffin, proved to
be useless as far as wave data is concerned. Paraffin
has an actual melting point rather than a continuous
.softening range; and it was used for comparison to the

other materials. Very small ripples formed on the
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TABLE 4

ABLATION TEST CONDITIONS

T.oco Tos Uoco Re Pr

- > [0y}
Test M . s ot S5 "
No. aterial = . . SIS el ®) ©

O Q. oo o~ [

~ [=] — > ©

© ) QN O > H

s . [ > 49 o~ o,

+ Q. o Yt

£ &~ & Ho. M.

o o o o~ O -~ O

R <€ <€ < Z < Z
26 650 0il -30 72 35.0 7.96 }0.712
27 650 01l -30 72 50.0 110.81 |0.712
28 650 0il -30 72 75.0 116.22 J0.712
29 650 0il -30 150 35.0 5.96 10.708
30 650 0il -30 150 50.0 8.56 10.708
31 650 0il -30 150 75.0 112.81 | 0.708
32 Glycerol -30 72 33.4 7.22 10.712
33 Glycerol -30 72 50.0 110.81 10.712
34 Glycerol -30 72 75.0 §16.22 1 0.712
35 K-312 Resin -30 68 32.8 1 7.15}§0.713
36 K-312 Resin -30 72 50.0 J10.81 §0.712
37 K-312 Resin -30 150 35.0 5.99 10.708
38 K-312 Resin -30 150 50.0 8.56 ] 0.708
39 K-312 Resin -30 150 75.0 §12.81 10.708
40 K-312 Resin -30 168 50.8 8.24 10.708
41 K-312 Resin -30 120 50.0 8.20 | 0.710
42 K-312 Resin -30 150 40.0 6.85 10.708
43 Pen 50 Asph. -30 150 75.0112.81 10.708
44 Pen 50 Asph. --- -— -— -—- -—
45 Pen 50 Asph. -30 150 50.01 8.56 |0.708
46 Pen 50 Asph. -30 168 50.0 8.10 1 0.708
47 20 W 0il -30 72 75.0}116.22 10.712
48 20 W 0il -30 72 50.0110.81 }0.712
49 20 W 0il -30 72 40.0 8.64 §0.712
50 20 W 0il -30 72 35.0 7.56 § 0.712
51 20 W 0il -30 120 35.0 6.44 1 0.710
52 20 W 0il -30 150 35.0 5.99 1 0.708
53 20 W 0il -30 178 35.0 5.44 | 0.707
54 Paraffin -——- - _—— _—— _——
55 20 W 0il -30 132 50.0 7.3010.709
56 20 W 011l -30 150 50.0 7.13§0.708
57 20 W 0il -30 176 52.0 7.06 1 0.707
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surface of the paraffin sample, but they could not be
photographed or measured with the available equipment.

Test number 44 was performed to verify the criti-
cal Reynolds number for the pen 50 asphalt. No wave
information was recorded.

Test number 35 served as one limiting case of the
parameter § (4= 0) since the air stream temperature
was exactly equal to the sample softening temperature.
(See Table 5.) Although test number 36 has a value of
§ which is not actually 0O, the value is so close to O
that the data is essentially similar to test 35. The
largest value of Y (¥= 1.97) was obtained in test 53
in which 0il softening at -30°F was ablated in an air
stream at l760F, which was the limit of the heater capa-
city at an air velocity of 52 feet per second. The
smallest measurable, non-vanishing value of & was 0.01,
obtained in tests 43 and 45. Thus, the tests covered
a range of two orders of magnitude in the parameter 4
including values of unit order.

The measurements of wave velocity and spacing
were taken from the 16mm. films. Waves were measured
on the back half of the plate away from the leading
edge of the material. During the testing it was noted
that individual waves did not move at constant velocity
but accelerated and decelerated at random. It was not

unusual for a wave to slow nearly to a stop and then
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TABLE 5

ABLATION TEST RESULTS

Wave Data Surface Temp.
o
4 B ™ e It gol
Test 8 | : <'3 *é\ (}, Wave 2 &,
No. 'E‘) x g.'f-—l g;) 33 paia- -5, =
L EP 93 meter oo ®o
o™ 3 ® © o 3 %
>N > T4 > P x L') 1
T >4 ° 3 © o ot
=P =+ = = o]
26 18.5 9.76 28.6 0.31 56.3 54
27 26.2 7.10 22.7 0.31 56.3 63
28 39.2 5.16 8.98 0.31 56.3 61
29 67.6 0.83 11.9 1.14 71.6 70
30 - 97.1 6.41 13.5 1.14 71.6 71
31 155.0 4.41 12.3 1.14 71.6 71
32 8.741 18.80 15.6 0.64 33.5 30
33 70.0 12.00 16.5 0.64 33.5 --
34 100.0 9.68 15.5 0.64 33.5 --
35 0.0 - _—— 0.00 68.0 59
36 0.09f 10.00 -—— 0 71.9 60
37 9.10 1.67 7.95 0.26 128.3 123
38 19.7 8.00 18.1 0.26 128.3 129
39 2G.2 5.66 10.7 0.26 128.3 128
40 2G.7 5.958 11.2 0.38 133.9 134
41 5.91 9.83 15.3 0.10 113.2 105
42 15.6 9.34 33.8 0.26 128.3 129
43 1.13}] 14.15 19.8. 0.01 149.8 138
45 0.62] 13.40 20.4 0.01 146.8 137
46 3.56] 12.90 28.6 0.69 150.0 146
47 155.0 6.66 12.8 0.89 24.1 --
48 109.0 G.16 14.4 0.89 24.1 20
49 88.4 8.33 15.3 0.89 24.1 27
50 84.5 7.16 20.1 0.89 24.1 20
51 123.0 5.50 16.1 1.38 33.0 33
52 131.0 5.66 10.3 1.70 36.8 --
53 155.0 5.00 14.9 1.97 40.0 --
55 164.0 6.66 12.7 1.51 34.5 --
56 207.0 6.17 11.7 1.70 36.8 --
57 220.0 5.83 12.5 1.95 36.8 --
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move rapidly for a distance. This same fact was noted
during measurement of wave characteristics, and it was
found to be necessary to take an average of several
values to obtain consistent results. Individual values
were found to vary by as much as 30% to 40¥% even after
sfeady melting had begun. The wave data listed in
Table 5 represents an average of 4 or more values for
each measured quantity. The amplitude and wave length
measurements for test 46 proved to be completely un-
reasonable and do not fit the patterns established by
the other tests. No explanation has been found for
this large discrepancy, and it is assumed that test 46
is faulty for some unknown reason.

Certain patterns can be discerned from the data
in dimensional form; however more meaningful conclusions
can be seen by non-dimensionalizing the various quanti-

ties, and this latter approach will be used here.

Analysis of results

The general approach to a complex flow situation
would involve the principles of dimensional analysis
and similitude in an attempt to find scale factors and
dimensionless ratios which can be used to reduce the
various combinations of variables to more convenient
form. For{unately, the work of Chen (26) and Ostrach

(25) has provided possible ratios based on analysis of
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the basic equations.

Of the parameters provided by Chen (Appendix),
the ablation parameter, X; the reference velocity, Ur;
the liquid boundary layer thickness, Sl; and the inter-
face temperature, Ti, are found to be useful in the
present problem.

The first step in utilizing these parameters in-
volves calculating Ti from equations A and B (Appendix)
and the viscosity-temperature profile. Chen suggests
that the reference temperature, To, may be taken as being
equal to Ti without loss of generality. The advantage of
doing so is that the power law for the liguid viscosity,
A =/uOCTi/To)'N, becomes trivial and is not needed.

In the event that the viscosity deviates from such a
law, accuracy is improved by using the actual viscosity-
temperature relation rather than the power law assump-
tion. The disadvantage is that/tg in equation A is now
//li, which varies with Ti, the unknown in the calcula-
tion. The solution for Ti must be obtained by trial-

and-error solution of the relation

%Too - Ti)3( ] [1 pl/’l/j 1 —
Ti - T T1 - Im) m-1
-/ g Cpofati| (Frg)

for which the actual temperature-viscosity profile is

needed to iden‘tify/lxi for each trial value of Ti. After

Ti has been obtained, & and the remaining parameters can
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immediately be calculated.

Tables 5 and 6 contain the values of the calcu-
lated parameters and the non-dimensionalized results
for the present tests. In some cases it was also pos-
sible to obtain measurements of the actual interface
temperature from the thermocouple records of the tests,
and these values are listed in the last column of Table
5. By plotting the readings of thermocouples near the
melting surface against time, the moment at which the
junction broke through the surface could be identified
from the resulting sudden change in slope. The results
listed should be regarded as correct only to the order
of magnitude, because the exact values cannot be well
distinguished by this method; in fact, the results from
several tests were inconclusive and were omitted from
the tabulation. Nevertheless, there is a correlation
between the measured and the calculated values as can
be seen by comparing the last two columns in Table 5.

The nature of the parameter ¥ can be examined
from equation B (Appendix).

(Teo - Ti)

I S (2)
(Ti - e (Ti - Tm)

The numerator of this ratio governs the slope of the
temperature profile in the gas stream at the interface;
therefore it governs the rate at which heat is supplied

to the interface. The first term in the denominator
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TABLE 6

Velocity Amplitude Wave Spacing
c =
2] ord .
H Iom c g,
@ T 54 o o o
N IS A B B 5 0
= o o 2 —a — )] . U] BL;
Z 0 % =D - " £ 9 o 2
o c R" o)) =z 0 . M c
+2 — O o > m v b = m nil o
) L o ol 40 O o L O A o
()} > w oA T o — ® S 0 T o 0w C
= N C O - ~ © o C e
e O 5 0% < © = = ITE% o o
Yt Gt £ O~ I > O~ £ ©
@ o - 3'«?‘ 2 -~ O — O
m o> — = 1> >l 1 n w
26 }2.65 6.9% G3.6 .0%9 .840 G7.9 3.46
27 13.80 6.60 82.5 .086 .G72 76.3 3.07
28 15.70 6.80 67.2 077 .045 60.0 1.43
29 12.66 |25.5 27.4 .030 . 733 26.2 5.26
30 13.80 }125.6 22.8 .280 .001 20.8 6.42
31 |5.70 |26.2 18.8 .235 .055 16.6 6.99
3? 0.62 j14.1 83.7 . 225 .514 106. 2.85
33 10.92 133.1 8.4 175 . 940 64. 3 2.71
34 11.39 130.0 55.9 173 . 980 51. 3.07
35 10.00 0.00 —— - _—— —_—— _———
36 | = =0 1110. .009 -——- —-—— -
37 1)2.22 4,10 ©5.6 .017 .501 123. 1.27
38 13.17 6.20 80.0 .100 . 989 73.9 2.50
3914.76 6.13 65.4 .086 .020 56.0 1.78
40 | 3.34 8.89 55.3 .100 .040 46.5 2.20
41 | 2.66 2.23 192, .051 . 596 176. 0.87 .
42 | 2.53 6.28 89.6 .104 . 565 84.8 4.21
43 13.05 0.37 996. .014 .016 90.1 0.21
45 | 2.03 0,30 §1220. 011 .951 1140. 0.19
46 1 0.23 | 15.5 14.0 . 920 . 988 12.8] 22.60
47 16.90 | 22.4 27.5 .242 .028 24.7 5.03
48 | 4.60 | 23.7 33.7 272 . 940 31.7 4.83
491 3.68 123.9 37.7 221 . 952 35.2 4.57
5013.22 |26.2 40.4 .178 .972 37.3 5.52
5113.22]38.1 25.0 .216 .865 24,1 7.45
52}13.17 [ 41.3 21.3 . 266 L7176 22.0 6.07
- 5313.04 151.0 18.5 .270 .883 18.0 G.39
5514.58 |42.3 18.4 .301 . 974 20.4 6.39
56 1 4.53 ] 45.8 19.4 .318 .005 17.6 6.61
5714.56 148.3 16.5 .354 . 957 15.3 8.955
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establishes the rate at which heat is conducted into
the interior of the body, while the second term estab-
lishes the rate at which material is melting. The
ratio, then, is the relation between the incident heat-
ing rate and the combined heating and softening rates
of the ablating body. Large & values are associated
with materials which heat and melt slowly in high-tem-
perature air streams.

It should be noted from equation (1) that the
interface temperature is dependent upon the material
properties; therefore the significance of § is also

tied to the mate

H

ial proverties but not so clearly.
Equation A from the Appendix provides the appropriate
relationship, which becomes
2 a—
} = Flchl’al/fcl 1(3 7 - (3)
k .| (P m=
Lg Cpgfoti] (Prg)

Cursory examination of this equation seems to indicate

that increasing ¢ values would be associated with in-
creasing liquid thermal conductivities and specific
heats and therefore with increasing rates of heat gain
by the melting body. This statement is contradictory
to the conclusion drawn from equation (2), which indi-
cates that large & values are associated with small
‘rates of body heating and softening. The answer to

the apparent contradiction lies in the fact that M.
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appears in the denominator of equation (3). Large
thermal conductivities and specific heats in the ablat-
ing body will tend to keep the interface temperature,
Ti, low; and since/“..1 varies rapidly as some inverse
power of Ti, the rate of increase of,ﬂi will be greater
than the rate of increase of kl or Cpl' Hence large y
is associated with small body heating and melting rates
as deduced from equation (2).

After some experimentation it was found that
striking trends could be revealed by non-dimensional-
izing the wave velocity with respect to the reference
velocity, Ur, and the wave amplitude and spacing with
respect to the liquid boundary layer thickness, 6&.
These scaled values are also listed in Table 6.

The non-dimensionalized wave velocity was then
plotted against the ablation parameter, J: with the
result being a straight line passing through the origin,
which can be approximately represented by the equation
UW/ﬁi = 25§ (figure 15). The agreement of data points
with this line is rather good except for tests numbered
33 and 34 {circles around points in figure 15). These
two were tests using glycerol in which accidental con-
tamination of the specimen was suspected. The exces-
"sively high wave velocity here seems to agree with the
lowering of viscosity that would occur with the addition

of isopropyl alcohol to the glycerol.
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Figure 15--Plot of Non-Dimensional Wave Velocity Versus
Ablation Parameter 7.
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From the equation of this line it can be seen
that Ow = 250rd. If the values of Ur and ¥ from the

appendix are substituted, the result is

Ti - Tm % co1 (Pry)
Ti - T cpg(Prl)

(1-m)

Ow = 250r & = 250

The quantities in the first bracket essentially define
the ratio between the rate of melting and the rate at
which heat is transmitted to the interior of the body.
Large wave velocities will résult when the air stream
velocity is large or if the initial body temperature

is of the same order as the softening temperature.
Although the term in the first bracket is less than

one (Tm >T_,) and approaches unity asymptotically as
Ti is increased, the velocity will continue to increase
with increasing Ti since the liquid viscosity,/ui (in
Prl), decreases rapidly with increasing Ti. The result
is a steadily increasing wave velocity as Ti and ¥
increase.

The wave velocity depends on the material specific
heat, not because of equation (4) where it appears in
both numerator and denominator, but from equation (1).
Increasing cpl causes Ti to decrease thereby decreasing
Uw. This effect is stronger at low ¢ values when the
first bracket in equation (4) is most effective.

In a similar way an increase of thermal

—
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conductivity, kl’ will cause Ti to decrease; however kl
appears in the numerator of equation (4) which tends to
cancel the effect of lowering Ti. When Ti is large .
compared to Tm and T_gs, the effect on the first bracket
is small, and increasing kl will cause Uw to increase.
At low ¥ values it is possible that the reverse could
be true.

The wave amplitudes were scaled with respect to
the dimensional liquid boundary layer thickness, lex’
where ;l is the non-dimensional thickness (equation F,
Appendix) and L, is the dimensional distance from the
plate leading edge tc the point at which the amplitude
was measured (10 inches). The value of Si was calcu-
lated using the gas Reynolds number based on the same
distance from the plate leading edge. The results are
in Table 6, and figure 16 contains the scaled ampli-
tudes plotted against ¥ with the exception of the tests
wbich were taken very near the critical air velocity.
These last are omitted since the waves appeared and
disappeared at intervals and frequently were not in
range of the amplitude probe. Although spacing and
velocity information could be obtained from the films,
the erratic behavior of the waves near the critical
"point prevented effective measurement of amplitude.
As can be seen in figure 16, the relationship between

the non-dimensional amplitude and § is not linear

h—
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but rather tends to become more constant at higher
values of {. Considering that Vw/JlLX represents the
ratio between the wave amplitude and the liquid boundary
layer thickness (i.e., film thickness), it is reasonable
that this ratio will not continue to increase indefi-
nitely. The wave can be expected to occupy some frac-
tion of the film layer (here about 1/3 when ¥= 2) with
a maximum value less than unity. This possibility is
supported by the fact that the data can be rather well
represented by the asymptotic relation

Yw_ _ ))

T— = 0.4(1 - e
81y

which is shown as a dotted line in figure 16.

This equation is only meant to represent the data
as it stands. Complete verification of the relation
would depend on more amplitude measurements in the range
above &= 2 to see whether or not the ratio would actu-
ally approach 0.4 as predicted by equation (5).

The behavior of the wave amplitude can be examined

by writing equation (5) in complete form.

. k
= Ti - Tm 1 |
Yw = 0.4 :] (1 - e™7)
Toe - Tif|k (pr )™ (Re )7
9 9 94 - (6)

For large values of ¥ equation (6) becomes approximately

' . k
re- oMt 0 -
kg Prgy)™ (Reg
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Obviously, Yw decreases in proportion to (Reg)}5
which is in general agreement with the present data.

* As the heating rate becomes large (large ¥), the ampli-
tude decreases asymptotically to zero because of the
fact that the first bracket in equation (7) is essen-
tially like the reciprocal of ¥.

The effect of increasing kl is not immediately
obvious since Ti is coupled to kl as before. From exami-
nation of equations A and B in the Appendix, it can be
seen that the first factor in equation (7) decreases in
proportion to klz; and this fact combined with the kl
in the numerator ot the second factor points to a de-
crease in Yw proportional to kl'l.

The wave lengths or spacings, Lw, were non-dimen-
sionalized with respect to the dimensional boundary
layer or film thickness, lex’ at the point where the
lengths were measured. Normally this point was approxi-
mately 1 foot behind the plate leading edge; however
several measurements were taken at other points when
the air speed was near the critical value and waves did
not cover the entire surface. The scale factors and
the non-dimensionalized results are listed in Table 6.

Plotting the scaled wave spacings against ¥ re-
"sults in a definite pattern although with a rather
large amount of scatter (figure 17). The reason for

the scatter is not clear except for the fact that the
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Figure 17--Plot of Non-Dimensional Wave Spacing Versus
Ablation Parameter ¥.
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spacing was the most erratic and variable quantity
measured.
The pattern, however coarse it may be, can be con-

veniently approximated by the equation
= 5Y e ecmccncmdemccmenmeee- (8)
<gl X

Obviously the wave length increases in proportion to
either ¥ or the film thickness, d,; however & and éi
are not independent of one another, and the effects must

be investigated from the product of the two factors.

That is,

T1—1mﬂlr
Lw = 5L e cc———- (9)
x(Ii - T-"Ql ]_k (Pr ) (Re )7_J

Since the value of the first bracket is less than unity

-

and increases toward unity as Ti increases, it follows
that the wavelength at a given point on the plate should
increase as Ti increases. Equation (9) also indicates
that Lw decreases in proportion to (Reg)z but increases
in proportion to the square root of the distance along
the plate. The latter conclusion is true since Lx
appears also within the Reynolds number.

Again, the effects of varying the material pro-
perties cannot be seen without considering that Ti is
.a function of those properties through equations A and
B in the Appendix. With everything else held constant,

an increase 1in kl causes a decrease in Ti and a net
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increase in wavelength if the first factor in equation
(9) is of unit order. If this factor is smaller, the
effect of kl is not clear since the rate of variation
of this factor with respect to k, is not readily

determined.

Relationship to the original problem

The results in the present study are directly
applicable only to the particular configuration and
conditions used for the tests. Direct application of
the information obtained here to other configurations
must be done with care and consideration of the effects
of changing shapes.l The important point is that the
analysis and parameters proposed by Chen are quite use-
ful in the examination of melting wave behavior. Using
this information, it is possible to predict melting
wave behavior from knowledge of the material proper-
ties and the ambient conditions. Since Chen's analysis
is not restricted to the flat plate case, it should be
possible to apply his results to other configurations
in a manner similar to that used in this study.

The behavior of melting waves is of interest in
the tektite problem discussed earlier. Using the temp-
erature-viscosity curves for tektite glass in reference
12, it is possible to estimate the value of & for this

material in an air stream at high temperatures.

e
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Assuming a Tm of 1200°K and a Tes of 4000°K, it appears
that the value of ¥ would be of the order of unity,
which is within the range of the present tests.

To expand and continue the work described herein,
several avenues éould be investigated. The most impor-
tant questions remaining are related to the effects of
body shape, deceleration forces, and pressure gradients
upon the waves encountered here.

The most serious limitation encountered in the
present tests was the relative inaccuracy of available
information about the physical pererties of the melting
materials. Now that basic patterns have been established,
refinement would be possible by obtaining accurate meas-
urements of properties for one or two materials and then
using these for a series of tests. During this project
y several materials were used to insure against devel-
oping results which would be peculiaf to a particular
type. It has been verified that the effects of material
properties can be incorporated mathematically via the
parameters and scale factors proposed by Chen; hence a
variety of materials is no longer needed.

To extend and improve the results discussed here
for the flat plate, higher values of x'should be studied,
the effects of turbulence should be considered, and the
behavior of the so-called critical point should be

examined in detail.

e
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Summary

The experiments described in this report have
provided the following information:

1. A study of the minimum conditions required
to generate waves on melting materials.

2. Specific data covering melting waves over
a range of conditions.

As a result of this project several facts con-
cerning melting wave behavior have been established
or verified: In agreement with results from some
earlier works, the existence of at least two different
types or modes of wave behavior have been shown to
exist; and the basic conditions for the formation of
each type have been at least partly determined. Fur-
thermore, it appears that the second type--the one
depending largely on the gas stream Reynolds number
) for its formation--is the one which corresponds to
the type seen in meltihg materials.

Utilizing the parameters developed by Chen (26)
and predicted earlier by Ostrach and McConnell (25),
definite mathematical relationships have been developed
between the wave characteristics (velocity, amplitude,
and spacing); the material properties; the gas stream
properties; and the ambient conditions existing during
-melting. Since the properties and conditions are known
or can be determined, it is thus possible to predict

the wave characteristics from the appropriate relations.

—
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Some correlation has been shown between the
resulté of these tests and the theories concerning
stability analyses of liquid film layers. In addi-
tion, it has been shown that the present tests likely

are representative of tektite ablation.



APPENDIX

RESULTS FROM CHEN'S ANALYSIS

The following quantities are shown by Chen to be
significant in melting wave behavior:

1. Ablation parameter,/.

note: To can be set equal to Ti without
loss of generality.

3. Reference velocity, Ur.
(l-nﬁ\
cp1 (PTg) i - Tm

- .._-_-.._(())
‘ - 1
C PI‘] oc 1

Ur 2 U

4. Reference time, 0.

1\ Q prrlcpg T Ei - Tﬂ _______ (D)
— (1-m Tm - T1
Uu(Prg) Col I

5. Gas boundary layer thickness, 59.

81
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6. Liquid boundary layer (or film) thickness, Sl'

8 Q_ -k Tl - T] _______ )
1 kg (Prg )m(Re )2 [

7. Gas temperature layer thickness, eg.

0 1
0 N ()
%9 (Pr )" (Re )”

8. Liquid temperature layer thickness, ey -

0 r —kl .‘eri - T:.f] ______ (H)

K (Prg)m(Reg)li‘LT"’ - Ti |

€1



SUMMERY OF DERIVATION OF ABLATION PARAMETERS

Since Chen's work (26) has not been completed at
the time of this writing, the essential features of the
development of the ablation parameters are summarized
here. Eventually the complete work will appear in
Chen's thesis, which will be available through the
library at Case Institute of Technology.

The mathematical model was developed under the
following assumptions:

1. The wviscosi
material is

A = (T

o+
~g
1
~+

emperature profile of the
umed to be of the form

2. Density, specific heat, and thermal conduc-
tivity are assumed to be constant.

3. The evaporation of the liquid from the gas-
liquid interface is assumed to be negligible.

4. The body may be subjected to constant decel-
eration or acceleration.

5. The gas velocity is assumed to be much greater
than the interfacial velocity.

6. The ablation wave amplitude is small compared
to the wave length.

7. The liquid layer is assumed to be small com-
pared to the characteristic body length.

A coordinate system is fixed to the body in such
.a way that X is the distance measured along the original

body surface from the stagnation point (or from the
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leading edge of a sharp body) and Y is measured along
the local normal to the surface. The equations of
motion then become for the liquid

Continuity:

AQ)T(RGG) + %(R‘V) =0  eemmemmeeee—e- (a)

Where €= 0 for two-dimensional bodies and €= 1
for axisymmetric bodies.

Momentum:

3-% +U—3-U-+Va—— V dl;‘()J +
8 °)J+zai -

Cl

/obg-z: +Ug—+va— A] -5-+
FAZCA Ry R
Energy: 1(?23%33“”9 thermal expansion of the
/¢, ‘gz-+ U.S? + Vugg =k 'giZ' ‘3j%

--------- (d)
were o = [ $T) 4 (2] 2 3T 3T ) ]
Interféce: (I.e., Y =H(X,T)
g’%*_ﬁigﬁi -V, =0  mmmmmommoooooooooes (f)
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These equations are non-dimensionalized using the

following relations:

u:Q._. v = v . =.E._- ng-Tm
Ur ° Ur§, ' P~ Po '’ TT - T_,,°
r':& x:é y:—-Y__ l:..Y_zyS_l
L L Lsi Lel ey
t H ALA 73
t:_’ = : = ; I e
¢ ? Lxl ? Po A5

where ﬁi,,&ﬁ, Ti, P, L, 81, e, are reference quantities.
The resulting forms are as follows:

Uy TV S0 e (g)

Gfu;] tuu t vuy -L;%}ﬁi(Vl - £2 9 = Py ) =

17r
ELUISJ ay(slv + U ) + 281 S—(UU ) .———(n)

r. 9 B “
I, + uv_ + vv_ - oV {&gr - p ) =
G“UIJ t X y “PUES 2] %1 y

L | 81 T x 2
[G'Ur]gt * ue, +[q]"gy "(cpﬁwref] (€10, * Oyy)

Aiyr -(5)
(Ti-T a)LCﬂ?S

)+ 2+ gD )

where 0 =/l.l[8§(2u§ + 2v3 t 2uv,
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-

The appropriate boundary conditions may be
established in non-dimensional form as:
at y = f(x,t)

k (
Qi = fCt(X,t)(Too— Ti) = _(g

Toe - Ti) agg‘
1

L
&g oy

ey (11 -1 J] 98y ’ o)
Ley ey i
Tgi = Tli """"""""""""""""" (n)
— TT1d
g ™ 9 g l =[b1 f} l‘ o
Tlg (X;t) FLsg ay i LJl éy— i (0)
for y —"0o
T—»Tm e R T T P (p)
U0 = memmmmmm e (q)
VeowV__, Tmmmmmmmemmmmmme—cememeeeeeooo (r)
at x = 0
on 0, =0 = ~=--mmmmmmmcmccememe (s)
X
90 _ du _9dvVv _
3x - ax 8% 0 - (t)
and
/‘Zz(T__) N (u)
Ao To
For a particular problem the following terms would
be known: T__, Toos Upos L,/O_.L,,og,,ag, Tm, N, k, cg.
However, the reference quantities, Ti, Ur, g A, 61,
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ey 66, eqr and P, are not directly available but must
be obtained from an order-of-magnitude analysis of the
non-dimensionalized equations. Chen offers the following
reasoning:
A. P may arbitrarily be taken as being equal to
the largest pressure in the flow region (i.e.,
the stagnation .pressure).
P, 2 U5 S (a)

B. Based on assumption (5), the order of magnitude
of the boundary and thermal layers may be taken

as
Q 1 . .
Sg - (52_3% 3 TTmTTmmTsommmessese e (b*)
g
e g 1 e it o = — — (Ct)

where: m = 1 when Pr_ >1

¥ when Pr_<1

o
—
k=t

C. The quantity 4. may be obtained from equation
(u) if Ti is kfiown. That is

i = 4 _i_)'” ..................... (")
i o\lo

D. Referring to equation (1), page 85, it follows
that if wave motion is to exist, the order of g,
(first term must be equal to u; %, - vi. That
is to say

L. 2 1, or ¢¥2 %— .............. (et)

U, r

E. In order to satisfy enough boundary conditions,
it is necessary to retain the highest order
terms in the momentum and energy equations;

A however at this stage of the analysis it is

not known whether the order of the inertia term

‘IIIIII----______;
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and the pressure and body force term should be
equated to the viscous term since it is desirable
to include the cases of no body force, no pres-
sure gradient, or very slow liquid flow (small
inertia term). The d2termination of the order
of Ur must enter from the boundary condition,
in as much as Ur depends not only on the abla-
tion properties of the material (i.e., depends
strongly onA. and thus Ti) but also on the

gas flow conditions such as the shear force
exerted on the liquid surface. When<3ug/3y and
du}/dy are normalized to unit order in &quation
(o}, page 86, it follows that

—

Similarly, the temperature Ti depends not only
on the properties of the ablating material but
also on the gas flow conditions, Tee, T 5, 2S
well as the gas properties. From equation (m),
page 86, with 86 _/dy and 86,/Jy normalized to
unit order, it i% possible {o write

kq(T.o- Ti) a kl(Ti - T_°) _____ 0"
Leg L .

The order of Sl and e, may be determined from
examination of the lo%g time stage of ablation.
If the fluctuation of temperature due to the
wave motion is neglected, the term @6/t tends
to approach zero. An observer on the stagna-
tion point then sees the heat transferred to
the liquid through the interface from the gas
side partially carried away by the liquid layer
flowing downstream and partially conducted
through the liquid layer for further melting.
In other words, the conduction term in the long
time stage is equally as important as the con-
vection term. Since the region near the stag-
nation point may be approximated by 89/dx = O,
(equation t), it follows from equation (j) that

- T ——D
ey ch/iLUrel
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A second relation for the relative order of
and e, may be obtained by observing that

at T = Tm the liquid velocity vanishes; how-

ever the temperature layer may extend into .

the unmelted body. The relative order of the

velocity and temperature layers can thus be
given as

8§ o m-m (i1)
e Ti - T_
The 9 equations (a' through i') may be solved
algebraically for the 9 unknown reference quantities.
The applicable results have been quoted earlier on

pages 81 and 82.



LIST OF SYMBOLS

In addition to the parameters quoted on pages 81
and 82, the following notation is used throughout this

report:

Subscripts

g Gas (air) stream.

=

Liquid (or melted material).

Interface value.

=

o Reference value.

Symbols

A Dimensional acceleration.

¢, Specific heat--BTU/1b.°R.

H(X,t) Interface wave function.

k Thermal conductivity--BTU/hr.ft.°R.
L Dimensional length.

Tw Wave spacing--feet.

Lx Distance from plate leading edge--feet.
P Dimensional pressure.

P Stagnation pressure.

Pr Prandtl number-- /“cp/k .

Q Heat flow.

R Dimensional radius of axisymmetric body.
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Re
T

Ti
Tm
To

Teo

T o

Gl

Reynolds number -7oﬁlxé/ﬂ
Dimensional temperature.
Interface temperature-—oF.

Body softening temperature——oF.
Reference temperature--oF.

Air stream temperature-—oF.

Initial body temperature--oF.

U,V Dimensional liquid velocity components.

cl
3

< X Cd

Yw
/“
Vot

Wave velocity--feet per second.

Air stream velocity--feet per second.
Coordinate along body surface.
Coordinate normal to body surface.
wWave amplitude--feet.

Absolute viscosity--poise.

Density--slug/fta.
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